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1.  INTRODUCTION 


Qassical  tungsten  heavy  alloys  (WHAs)  are  usually  fabricated  by  liquid-i^ase  sintering  (LPS)  of 
W-Ni-Fe  or  W-Ni-Cu  elanental  powder  blends.  These  nickel-based  heavy  alloys  have  a  two-phase 
composite  structure  of  di^rsed,  nearly  pine,  tungsten  grains  embedded  in  a  ternary  alloy  matrix.  In 
recent  years,  extensive  research  has  been  perfonned  with  these  heavy  alloys  to  increase  ballistic 
performance  in  kinetic  energy  (KE)  projectile  applications  (Magness  1992;  Baker  and  Dunn  1992;  Noh 
et  al.  1992;  Magness  1994;  Weerasooriya,  Moy,  and  EX)wding  1994;  Guha  et  al.  1994).  Although 
significant  improvement  has  been  made,  the  inability  to  fonn  adiabatic  shear  localization  bands  in  the 
WHAs  during  ballistic  impact  still  limits  the  armor  penetration  depth  and  results  in  inferior  performance, 
when  compared  to  depleted  uranium  (DU)  penetrators  (Magness  1992).  This  barrier  has  led  to  the 
develoixnent  of  novel  WHAs.  The  main  a^iroach  has  been  die  development  of  new  matrix  materials  with 
their  thermomechanical  properties  similar  to  those  of  DU  (Baker  and  Durm  1992;  Magness  1994).  It  has 
been  well  established  (Magness  1992, 1994;  Magness  and  Farrand  1990)  that  the  self-sharpening  behavior 
of  DU  penetrators  during  ballistic  impact  is  a  competition  between  localized  deformation  hardening  and 
localized  thermal  softening  under  extremely  high  hydrostatic  pressure  (~5-6  GPa).  In  order  to  induce 
thermomechanical  instability  prior  to  plastic  deformation,  an  ideal  matrix  material  would  have  low-heat 
ct^ity,  low-thermal  conductivity,  low  work-hardening  rate,  and  low  strain-rate  hardening  (Baker  and 
Durm  1992;  Magness  1994).  Because  of  the  comparable  thermal  properties  of  hafiuum  as  compared  to 
those  of  DU,  hafnium-based  WHAs  have  indicated  a  propensity  for  thermal  softening. 

Magness  (1995)  has  reported  that  W-Hf  alloys  have  shown  better  ballistic  performance  than 
conventional  WHAs  in  KE  projectile  applications.  Recent  work  by  SuNiash,  Pletka,  and  Ravichandran 
(1994)  has  indicated  that  polycrystalline  hafnium  has  a  high  propensity  for  strain  rate  insensitive  ^ar 
banding  under  uniaxial  compressive  loading.  Although  W-Hf  alloys  are  drown  to  have  potential  for  KE 
projectile  tqrplications,  processing  methods  are  limited  due  to  the  relatively  high-liquidus  (>2,500°  C) 
temperature  (Rudy  1969;  Spencer  et  al.  1981)  for  tungsten-rich  compositions.  This  i^ysical  limitation 
makes  LPS  of  W-Hf  alloys  impractical,  and  formation  of  the  HfWj  intermetallic  is  unavoidable.  Subhash 
et  al.  (1994)  have  reported  that  hot-extraded,  followed  by  multiple-swaged  W-Hf  alloys,  have  brittle 
fracture  characteristics  possibly  due  to  the  presence  of  HfW2.  Ohriner,  Sikka,  and  Kapoor  (1994)  have 
rqxrrted  that  W-Hf  composites  can  be  consolidated  by  hot  extrusion.  They  also  have  reported  HfW2 
formation  at  the  1,400°  C  preheat  temperature.  Edelman,  Pletka,  and  Subhash  (1994)  have  reported  that 
a  W-Hf-Ti  composite  has  been  processed  by  mechanical  alloying  followed  by  vacuum  sintering.  Full 
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density  has  not  been  achieved  at  temperatures  up  to  1,450°  C.  All  of  the  aforementioned  novel  processing 
techniques,  however,  have  relatively  high  processing  costs. 

According  to  the  Hf-Cu  phase  diagram  (Spencer  et  al.  1981;  Subramanian  and  Laughlin  1988),  small 
additions  of  copper  into  the  binary  W-Hf  system  can  substantially  lower  the  LPS  temperature.  Since 
tungsten  is  insoluble  in  the  liquid  copper  (Hansen  and  Anderko  1958),  the  W-Hf-Cu  ternary  system  can 
be  treated  as  a  pseudo-binary  alloy  system.  A  constant  tungsten  content  of  80  weight-percent  was  used 
in  this  study.  This  composition  was  consistent  with  the  previous  study  by  Magness  (1995).  He  was  able 
to  observe  that  the  80W-20Hf  (weight-percent)  alloy  resulted  in  improved  ballistic  performance  as 
compared  to  conventional  WHAs.  Two  near-eutectic,  haftiimn-rich  Hf-Cu  compositions  are  of  particular 
interest  in  the  present  study.  By  inspection  of  the  relevant  binary-irfiase  diagram,  it  was  concluded  that 
the  formation  of  potoitially  harmful  intermetallic  phases  could  be  avoided  through  proper  processing.  It 
was  believed  that  the  HfW2  jdiase  could  be  avoided  by  holding  the  processing  temperature  below  some 
critical  point  where  the  reaction  kinetics  were  sluggish  enough  to  inhibit  its  formation.  Concurrently,  it 
was  also  required  that  the  temperature  be  above  the  liquidus  temperature  of  the  binary  Hf-Cu  eutectic 
composition.  This  would  provide  a  temperature  window  in  which  to  process  the  ternary  alloy.  The 
process  crmcept  also  recognized  the  necessity  of  avoiding  the  formation  of  the  CuHf2  intermetallic  on 
cooling  fiom  the  liquidus.  Several  cooling  rates  and  media  were  investigated  for  the  Hf-Cu  binary  to 
determine  the  optimum  conditions.  Binary  80W-20Hf  (weight-percent)  elemental  powder  blends  were 
used  to  determine  the  threshold  temperature  for  HfW2  formation,  and  uruaxiaUy  pressed  90Hf-10Cu 
(weight-percent)  elemental  powder  blends  were  used  to  determine  the  effects  of  the  cooling  rate  on  the 
formation  of  CuHf2  fiom  an  LPS  temperature  of  1,310°  C. 

2.  EXPERIMENTAL  PROCEDURE 

It  has  been  well  known  that  tungsten  is  insoluble  in  liquid  copper  in  the  binary  W-Cu  system  (Hansen 
and  Anderko  1958).  Phase  equilibria  studies  of  ternary  W-Cu-Al  (Prevarskii  and  Kuzma  1983)  and 
W-Cu-WSi2  (Efimov  et  al.  1984)  also  reported  negligible  mutual  solubility  of  copper  and  tungsten. 
Therefore,  it  is  reasonable  to  assume  that  mutual  solubility  of  copper  and  tungsten  should  be  negligible 
in  the  ternary  W-Hf-Cu  system,  hi  the  equilibrium  W-Hf  binary  system,  as  shown  in  Figure  1(a), 
solubility  of  hafliium  decreases  from  ~9  weight-percent  at  ~2,512°  C  to  ~4  weight-percent  at  -1,400°  C 
(Rudy  1969;  Spencer  et  al.  1981).  On  the  other  hand,  on  the  hafnium-rich  side  of  the  Hf-Cu  binary 
system,  a  liquid  phase  begins  to  form  at  temperatures  above  135°  C  (Spencer  1981;  Subramanian  and 
Laughlin  1988),  as  shown  in  figure  1(b). 
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Atomic  Percent  Tungsten 


Atomic  Percent  Copper 


Figure  1.  Equilibrium  binary-phase  diagram  of  the  (a)  Hf-W  and  (b)  Hf-Cu  systems 
(Spencer  et  al.  [1981]). 
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The  eutectic  hafnium  composition  in  the  hafnium-rich  Hf-Cu  binary  system  is  ~88.5  weight-percent 
(Subramanian  and  Laughlin  1988).  Although  the  equilibrium-phase  diagram  predicts  solubility  of  about 
~3  weight-percent  hafnium  at  -1,300®  C,  the  kinetics  of  reaction  between  tungsten  and  hafnium  in  the 
W-Hf-Cu  systems  are  unknovra.  Initially,  therefore,  the  ternary  composition  of  80W-20  (Hf-Cu)  with  a 
88.5Hf:11.5  Cu  ratio  in  weight-percent  was  selected.  The  main  concern  was  how  to  avoid  formation  of 
two  intermetallic  [biases  in  die  W-Hf-Cu  ternary  system — ^namely,  HfW2  and  CuHf2. 

For  determination  of  the  threshold  temperature  for  HfW2  intermetallic  formation,  elemental  powder 
blends  of  80W-20Hf  were  prepared.  Because  of  the  potential  pyrophoricity  of  hafiiium  elemental  powders 
(-325  mesh),  initial  powder  blends  were  prepared  inside  of  a  glove  box  fiUed  with  argon.  Once  tungsten 
and  hafiiium  powders  were  placed  in  a  container,  subsequent  mixing  was  done  at  ambient  atmosidiere. 
These  powder  blends  were  then  placed  on  alumina  crucibles  and  heated  in  a  conventional  tube  furnace 
at  temperatures  ranging  from  1,000®  C  to  1,500®  C  in  increments  of  100®  C  for  60  min.  Additional 
exposure  times  of 240  and  480  min  were  investigated  at  1 ,500®  C.  All  experiments  were  done  under  ultra- 
high  purity  (grade  5)  argon.  All  specimens  were  cooled  to  ambient  temperature  inside  the  furnace  wifli 
a  continuous  flow  of  argon.  Partially  sintered  powder  blends  were  carefully  ground  and  {spared  for 
powder  x-ray  diffraction  (XRD).  Monochromated  Cu  (A,  =  1.5406  A)  radiation  was  utilized  for 
qualitative  HfW2  intermetallic  phase  analysis  using  W(1 10)  planes  and  HfW2(31 1)  planes.  All  XRD  data 
were  obtained  using  a  step-scan  technique  with  increments  of  0.02®  and  a  counting  time  of  2  s  per  step. 
Radiation  was  generated  using  a  45  kV  and  40  mA  power  setting. 

Formation  and  stability  of  the  CuHf2  phase  was  examined  using  90Hf-10Cu  elemental  powder  blends. 
These  powder  blends  were  uniaxially  pressed  at  a  pressure  of  165  MPa  (-24  ksi)  using  a  cylindrical-steel 
die.  Ihsk-slu^  specimens  (29  mm  diameter  x  6  mm  thickness)  were  placed  in  alumina  cracibles  and 
heated  in  a  conventional  tube  furnace  at  a  temperature  of  1,310®  C  imder  ultra-high  purity  argon 
atmosphere.  Four  different  cooling  rates  were  selected  to  determine  the  formation  CuHf2  upon  cooling 
flx>m  the  liquidus  temperature.  To  retain  high-temperature  phase(s)  and  microstructure,  the  specimen  was 
water  quenched  (W(J).  The  equilibrium  condition  was  simulated  by  furnace  cooling  (FC)  the  specimen 
with  a  continuous  flow  of  argon.  Two  additional  intermediate  cooling  rates  were  selected  to  examine  the 
aftdiflnnai  effects  of  phase  formation.  A  specimen  was  cooled  inside  of  the  furnace  with  an  increased 
argon  flow  rate  of  10  times  the  rate  used  for  sintering.  This  will  be  designated  as  the  furnace  fast-cooled 
conditicm  (FCC).  The  last  specimen  was  moved  to  an  edge  of  the  tube  after  the  sintering  and  continuous 
flow  of  argon  was  ^plied  by  a  high-speed  nozzle  blast  This  condition  will  be  designated  as  a  nozzle- 
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quenched  (NQ)  condition.  Specimens  were  sectioned  using  diamond  waffering  blades  and  mounted  for 
optical  and  election  microscopy.  CuHf2  intermetallic  phase  was  analyzed  qualitatively  using  the  XRD 
technique  with  monochromated  Cu  radiation  on  the  polished  cross  sections. 

Based  on  the  infonnation  obtained  from  the  W-Hf  and  Hf-Cu  binary  systems,  a  processing  window 
for  W-Hf-Cu  alloy  was  determined.  Two  near-eutectic  compositions  of  the  Hf-Cu  binary  system  were 
utilized  to  lower  the  LPS  temperature  so  that  HfW2  intermetallic-phase  formation  would  be  avoided.  The 
selected  temaiy  compositions  were  80W-17.7Hf-Cu  and  80W-13.7Hf-Cu  (wei^t-percent),  and  their 
ap{»'oximate  LPS  temperatures  were  determined  to  be  1,310°  C  and  995°  C,  respectively.  These  LPS 
temperatures  were  determined  by  using  the  Hf-Cu  {Aiase  diagrams  (Spencer  et  al.  1981;  Subramanian  and 
T  .aiighlin  1988)  since  W  is  insoluble  in  the  liquid  copper  (Hansen  and  Andeiko  1958)  and  reactions 
between  tungstm  and  hafnium  are  expected  to  be  marginal  in  these  temperature  regimes  (Rudy  1969; 
Spencer  et  al.  1981).  For  the  80W-17.7Hf-Cu  aUoy,  the  LPS  temperature  of  1,310°  C  was  adequate.  For 
the  80W-13.7Hf-Cu  alloy,  however,  the  initial  sintering  temperature  of  995°  C  was  too  low  to  provide 
enough  liquid  phase  to  promote  fiill  sintering.  Additional  sintering  temperatures  of  1,025°  C  and  1,100°  C 
were  tilled.  Initial  sintering  times  of  30  min  and  cooling  conditions  of  FC,  FCC,  NQ,  and  WQ  were 
selected.  For  the  80W-17.7Hf-Cu  alloy,  additional  sintering  times  of  5  and  60  min  and  liquid  nitrogen- 
quenched  (LNQ)  conditions  were  aRjlied.  All  specimens  were  sectioned  using  diamond  waffering  blades 
for  subsequent  XRD  analysis  and  metallographic  examination. 

3.  RESULTS  AND  DISCUSSION 

According  to  the  XRD  analysis  of  heat-treated  elemental  powder  blends  of  W-Hf,  the  HfW2  {diase 
begins  to  form  at  ~1,400°  C.  This  result  is  consistent  with  the  observations  by  Subhash  et  al.  (1994)  and 
Ohriner,  Sikka,  and  Kapoor  (1994).  Figure  2(a)  shows  results  obtained  in  temperature  ranges  from 
1,000°  C  to  1,300°  C  with  an  exposure  time  of  60  min.  The  inteiplanar  spacing  of  W(110)  and 
HfW2(311)  are  2.238  and  2.272  A,  respectively  (International  Centre  for  Diffraction  Data  1994). 
Corresponding  diffraction  angles,  20,  are  40.24°  and  39.64°,  reflectively.  HfW2(311)  peaks  were  not 
detected  by  XRD  at  1,300°  C  and  below.  Figure  2(b)  shows  the  results  obtained  at  1,400°  C  and  1,500°  C 
with  an  exposure  time  of  60  min.  Additional  exposure  times  of  240  and  480  min  were  utilized  to  examine 
the  kinetics  of  HfW2  irfiase  formation.  The  thrediold  temperature  for  HfW2  0iase  formation  was 
determined  to  be  very  close  to  1,400°  C.  It  should  be  pointed  out  that  relative  intensities  shown  in 
Figures  2(a)  and  2(b)  are  magnified  so  that  all  the  lines  could  be  visible  without  overlapping.  The  amount 
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of  HfW2  phase  was  increased  with  increasing  temperature  and  increasing  exposure  time.  The  total  amount 
of  HfW2  phase  was  determined  to  be  less  than  3  volume-percent  even  at  a  temperature  of  1,500®  C  with 
an  exposure  time  of  480  min.  This  indicates  that  HfW2  phase  formation  will  be  sluggish  near  or  below 
1,300°  C. 

Hie  CuHf2  phase  has  a  body-centered  tetragonal  structure  with  lattice  constants  of  a  =  3.1695  and 
c  =  11.1333  (Subramanian  and  Laughlin  1988;  International  Centre  for  Diffraction  Data  1994).  Hafiiium 
has  a  hexagonal  stracture  with  lattice  constants  of  a  =  3.1967  and  c  =  5.0578  (International  Centre  for 
IMfhaction  Data  1994).  Hafnium  oxide  (Hf02)  has  two  known  monoclinic-  and  tetragonal-unit  cell 
structures  (bitemational  Caitre  for  EKffraction  Data  1994).  Because  of  the  similarities  in  the  unit  cell 
structures  and  resulting  interfering  peaks  from  hafnium  and  Hf02  phases,  qualitative  phase  analysis  of 
CuHf2  was  difficulL  There  speared  to  be,  however,  some  trace  amount  of  CuHf2  phase  (<3  volume- 
percent)  from  FC  and  FFC  specimens.  For  the  NQ  specimen,  however,  the  amount  of  Hf02  phase 
increased  significantly  while  diminishing  the  CuHf2  phase,  indicating  selective  consumption  of  available 
hafnium  prior  to  formation  of  the  CuHf2  phase.  For  the  WQ  specimen,  severe  peak  broadening  was 
observed  due  to  the  lattice  strain  resulting  from  rapid  cooling.  It  was  also  possible  to  have  a 
nonstoichiometric  compound.  This  deviation  may  cause  a  shifting  of  the  inteiplanar  spacing.  This 
possibility  made  the  quantitative  phase  analysis  of  CuHf2  almost  impossible.  Although  precise  phase 
analyas  was  not  possible,  the  amount  of  CuHf2  phase  seemed  to  be  negligible  enough  in  the  W-Hf-Cu 
alloy  system  to  proceed. 

figures  3(a)  and  3(b)  show  secondary  electron  photomicrographs  of  the  binary  Hf-Cu  alloy  obtained 
from  two  of  the  four  different  cooling  conditions.  Scanning  electron  microscopy  (SEM)  analysis  of  the 
Hf-Cu  alloy  revealed  a  duplex  composite  structure  of  nearly  pure  Hf  grains  embedded  in  a  Hf-Cu  matrix. 
The  microstructure  was  determined  to  be  insensitive  to  the  cooling  conditions.  The  volume  fraction  of 
the  Hf-Cu  i^ase  as  seen  in  the  SEM  photomicrographs  (Figure  3)  was  much  more  than  the  amount 
determined  by  the  XRD  analysis.  The  maximum  solubility  of  copper  in  hafiiium  is  only  ~0.3  weight- 
percent  at  1,540°  C  and  is  decreased  with  decreasing  temperature  (Spencer  et  al.  1981;  Subramanian  and 
T  iiiighlin  1988).  At  1,310°  C,  therefore,  solubility  of  copper  in  hafiiium  will  be  negligible.  If,  and  only 
if,  a  nonstoichiometric  Hf-Cu  compound  had  formed,  then  hafnium-phase  diffiuction  peaks  will  remain 
at  the  same  26  location  as  pure  hafnium  peaks  while  shifting  die  Hf-Cu  matrix-phase  peaks  in  either 
direction.  It  is,  therefore,  possible  to  see  complete  overlapping  diffiacted  peaks  from  hafiiium  and  Hf-Cu 
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Figures.  SEIs  of  the  I-PS  htnarv  OOKf-lOCu  weight-percent  allovs  obtained  from  the  (a)  FC  and  (b)  WQ 
conditions. 


matrix  phases.  On  the  other  hand,  zirconium  always  coexists  with  hafnium  in  nature.  The  hafnium 
powder  utilized  in  the  present  study  contains  about  2.5  weight-percent  zirconium  according  to  the  vendor 
(Teledyne  Wah  Chang  Albany  1994).  This  residual  zirconium  may  act  as  a  third  alloying  element  to  form 
an  unknown  Hf-Cu-Zr  compound.  At  the  present  time,  however,  the  chemical  and  microstructural  features 
of  the  Hf-Cu  matrix  phase  have  not  been  identified  completely. 

Two  ternary  W-Hf-Cu  alloys  (80W-17.7Hf-Cu  and  80W-13.7Hf-Cu)  were  selected  for  LPS  based  on 
the  information  obtained  from  the  two  binary  Hf-W  and  Hf-Cu  systems.  For  the  80W-17.7Hf-Cu  alloy, 
the  LPS  temperature  was  found  to  be  1,310°  C,  which  was  about  15°  C  above  the  liquidus  temperature 
for  the  hafnium-rich  side  of  the  Hf-Cu  binary  eutectic  composition  (Spencer  1981;  Subramanian  and 
Laughlin  1988).  Table  1  summarizes  the  data  for  cooling  conditions,  exposure  time,  and  leases  identified 
by  XRD  analysis.  Surprisingly,  HfW2  intermetallic  was  identified  in  all  cases,  while  the  CuHf2  phase  was 
not  detected  by  XRD.  An  additional  attempt  to  increase  the  cooling  rate  was  made  in  order  to  avoid 
formation  of  the  HfW2  ph^^se  by  using  liquid  nitrogen  as  a  quench  media.  However,  the  HfW2  phase  was 
still  present  in  the  LNQ  specimen. 

At  the  present  time,  only  alloys  3-D  to  3-G  have  been  examined  by  SEM  and  energy  dispersive  x-ray 
spectroscopy  (EDXS).  Thus  far,  there  has  been  no  indication  of  the  presence  of  the  CuHf2  phase. 
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Table  1.  80W-17.7Hf-Cu  Alloy 


Alloy  ID 

LPS  Temp 
CQ 

Cooling 

Sintered 

Phases  by  XRD 

1 

> 

1,310 

30 

FC 

Yes 

W+HfW2 

3-B 

1,310 

30 

FFC 

Yes 

W+HfW2 

3-C 

1,310 

30 

NQ 

Yes 

W+HfW2 

3-D 

1,310 

30 

WQ 

Yes 

W+HfW2 

3-E 

1,310 

60 

WQ 

Yes 

W+HfW2 

3-F 

1,310 

5 

WQ 

Yes 

W+HfW2 

3-G 

1,310 

5 

LNQ 

Yes 

W+HfW2 

Note:  All  specimens  had  a  minor  Hf02  jdiase. 


Microstructures  of  the  rapidly  cooled  specimens  did  not  result  in  the  duplex  composite  structure  of 
classical  WHAs  typically  characterized  by  weU-defined  tungsten  grains.  Instead,  semicontinuous  networks 
of  tungsten  grains  dispersed  in  a  HfW2  matrix  phase  were  seen.  According  to  the  limited  EDSX  analysis, 
.  copper  was  not  detected  at  or  near  the  HfWj  phase.  The  occasional  appearance  of  copper  was  always 
accompanied  by  the  tungsten  phase.  Therefore,  it  is  speculated  that  dispersed  co^Jer  may  act  as  a 
heterogeneous  nucleation  site  for  HfW2  intermetallic  formation  rather  than  reacting  with  tungsten  atKi 
haftiiiim  to  form  a  W-Hf-Cu  compound.  The  microstructure  was  insensitive  to  Ihe  exposure  time  as  seen 
in  Rgures  4(a)  and  4(b),  which  show  backscattered  electron  images  (BEIs)  of  alloys  3-E  and  3-G, 
respectively.  LNQ  specimens  showed  excess  quench  cracks  resulting  from  the  rapd  cooling.  EDSX 
analysis  of  the  cracked  area  indicates  that  in  every  case  pure  tungsten  phase  is  responsible  for  the  cracking. 
Oxygen  was  also  detected  from  the  cracked  area. 

For  80W-13.7Hf-Cu  alloys,  an  initial  LPS  temperature  of  995°  C  was  selected.  After  an  exposure 
timf.  of  30  min,  foil  sintering  was  not  possible.  Therefore,  two  additional  sintering  temperatures  of 
1,025°  C  and  1,100°  C  were  ^plied.  Full  sintering  was  obtained  at  1,100°  C.  Table  2  summarizes  the 
results  obtained  from  the  LPS  experimentation.  It  appears  that  the  formation  of  a  liquid  phase  is  initiated 
by  foe  melting  of  Cu  followed  by  the  formation  of  foe  liquid  Hf-Cu  phase.  Therefore,  at  LPS 
temperatures  above  foe  melting  temperature  of  copper  (1,083°  C),  liquid-phase  formation  would  be 
accelerated,  which  in  turn  results  in  decreasing  sintering  time.  Figure  5,  BEI  of  the  alloy  3-K  which  was 
WQ  from  995°  C,  shows  such  a  trend.  The  nearly  pure  copper  phase  with  a  trace  of  tungsten  (identified 


9 


Table  2.  80W-13.7Hf-Cu  AUoy 


AUoy  ID 

LPS  Temp 

(°Q 

Time 

(min) 

Cooling 

Sintered 

Phases  by  XRD 

3-H 

995 

30 

FC 

No® 

W+HfW2+Cu 

3-1 

995 

30 

FFC 

No® 

W+HfW2-i-Cu 

3-J 

995 

30 

NQ 

No® 

W+HfW2+Cu 

3-K 

995 

30 

WQ 

No® 

W+HfW2+Cu 

3-M 

1,025 

30 

NQ 

No® 

W+HfW2+Cu 

3-N 

1,025 

30 

WQ 

No®' 

W+HfW2+Cu 

3-0 

1,100 

30 

FC 

Yes 

W+HfW2 

3-P 

1,100 

30 

FFC 

Yes 

W+HfW2 

3-Q 

1,100 

30 

NQ 

Yes 

W+HfW2 

3-R 

1,100 

30 

WQ 

Yes 

W-HHfW2 

All  specimens  had  a  minor  Hf02  phase. 
^Partially  sintered. 


as  Cu+W  in  Figure  5)  is  surrounded  by  the  tungsten-matrix  phase.  The  mixture  of  W-Hf-Cu  phase(s) 
(identified  as  W+Hf+Cu  in  Figure  5)  is  also  surrounded  by  the  tungsten-rich  W-Cu  phase  (gray  portion 
of  the  area  identified  as  W+Cu)  and  the  copper-rich  W-Cu  phase  (white  portion  of  the  area  identified  as 
W+Cu).  The  copper  phase  was  identified  by  XRD  analysis  in  aU  partially  sintered  specimens.  For  fuUy 
sintered  specimens,  however,  the  copper  phase  was  not  detected  by  XRD  analysis.  It  is  not  clear  if  the 
CuHf2  phase  is  present  in  the  W-Hf-Cu  alloy  system. 

Thus  far,  SEM  and  EDSX  analyses  have  been  completed  only  for  alloys  3-H,  3-K,  3-0,  and  3-P.  As 
evidenced  in  Figure  5,  substantial  mictocracks  resulted  from  the  water  quench.  According  to  the  EDSX 
analysis,  mainly  W  and  residual  copper  and  oxygen  were  present  in  the  cracked  area.  Specimen  3-0 
showed  occasional  microcracking,  while  specimen  3-P,  which  cooled  much  faster,  showed  none.  Figure  6 
shows  BEI  of  the  alloy  3-0  illustrating  microcracked  areas  consisting  of  mainly  pure  tungsten  phase  with 
a  trace  of  copper,  Hf-Cu  phase,  and  a  HfW2  niatrix  phase  with  a  trace  of  copper.  It  is  not  clear  whether 
excess  oxidation  of  the  tungsten  phase  was  responsible  for  such  microcracking.  It  is  also  possible  that 
liquid  copper  surrounding  the  tungsten  grains  reacts  with  oxygen  and  forms  a  spinel-type  compound  at 
the  grain  boundaries.  There  was  no  evidence  of  cracking  at  or  near  the  grain  boundaries  between  the 
tungsten  and  HfW2  phases,  or  within  the  HfW2  phase. 


Figures.  BEI  of  the  LPS  80W-13.7Hf-6.3Cu  Figure  6.  BEI  of  the  LPS  80W-13.7Hf-6.3Cu 
(weight-percent)  alloy  3-K  shows  (weight-percent)  alloy  3-0  cooled  in  a 

partiallv  sintered  W-Hf  phase.  furnace  shows  microcracks. 
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4.  CONCLUSIONS 


The  following  preliminary  conclusions  were  made  based  on  the  initial  investigation  of  two  W-Hf-Cu 
aUoy  systems. 

•  80W-17.7Hf-Cu  and  80W-13.7Hf-Cu  alloys  were  LPS  at  temperatures  of  1,310°  C  and  1,100°  C, 
respectively. 

•  The  thre^ld  temperature  of  the  HfW2  phase  formation  in  90W-Hf  binary  system  was  about 
1,400°  C. 

•  HfW2  phase  was  detected  in  the  ternary  W-Hf-Cu  LPS  alloy  at  temperatures  as  low  as  995°  C. 

•  Cu  additions  seem  to  accelerate  and  stabilize  the  HfW2  phase  formation. 

•  CuH^  phase  was  not  suppressed  by  a  rapid  quench  Irom  1,310°  C  in  the  90Hf-10Cu  binary  system. 

•  Formation  of  the  HfW2  phase  in  the  ternary  system  was  insensitive  to  the  cooling  rates  examined. 

•  A  duplex  composite  microstructure  of  the  classical  WHAs  was  not  observed  in  the  rapidly  cooled 
ternary  LPS  alloys.  Instead,  a  semicontinuous  network  of  tungsten  grains  in  an  HfW2  matrix  phase 
was  obtained. 

•  Trace  Cu  was  observed  in  the  presence  of  W,  and  also  with  the  W  and  Hf  in  the  low  and  hi^  Cu- 
content  alloys,  respectively.  No  evidence  of  the  CuHf2  phase,  however,  was  found. 

The  authors  would  like  to  emphasize  that  these  conclusions  are  still  preliminary  and  based  on  the 
limited  data  obtained  at  the  present  time. 
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4  CMDR  NAVAL  RSRCH  LAB 
ATTN  CODE  62 

DR  VIRGIL  PROVENZANO 
DR  JACK  AYERS 
DR  B  B  RATH 
WASHINGTON  DC  20375 

3  CHIEF  OF  NAVAL  RSRCH 

ATTN  CODE  471 
DR  A  K  VASUDEVAN 
DR  GEORGE  YODER 
ARLINGTON  VA  22217 

1  CMDR  NSWC 

ATTN  CODE  G32  AMMUN  BR 
MR  PETER  ADAMS 
DAHLGREN  VA  22448 

3  CMDR  NSWC 

ATTN  MR  ROBERT  GARRETT 
MR  APDIVECHA 
MRS  KARMAKAR 
10901  NEW  HAMPSHIRE  AVE 
SILVER  SPRING  MD  20903-5000 

1  CMDR  ROCK  ISLAND  ARSENAL 

ATTN  SMCRI  SEM  T 
ROCK  ISLAND  DL  61299-6000 

1  US  DEPARTMENT  OF  INTERIOR 
ATTN  EARL  AMEY 
BUREAU  OF  MINES 
WASHINGTON  DC  20241 

2  DIR  BATTELLE  COLUMBUS  LAB 
ATTN  MR  HENRY  OALONE 

DR  ALANCLAUER 
BATTELLE  MEMORIAL  INST 
505  KING  AVENUE 
COLUMBUS  OH  43201 
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4  DIR  BATTELLE  PACIFIC  NW  LAB 
ATTN  MR  WILLIAM  GURWELL 
DR  GORDON  DUDDER 
MR  CURT  LAVENDER 
B  ARMSTRONG 
PO  BOX  999 
RICHLAND  WA  99352 

1  MIAC  CINDAS 
PURDUE  UNIVERSITY 
2595  YEAGER  ROAD 
WEST  LAFAYETTE  IN  47905 

4  OSRAM  SYLVANIA  INC 
ATTN  DR  JAMES  MULLENDORE 
MR  JAMES  SPENCER 

MS  SUSAN  DOEPKER 

MR  DAVID  HOUCK 

CHEML  &  METALLURGICAL  DIV 

HAWES  STREET 

TOWANDA  PA  18848 

2  TH^DYNE  ADVANCED  MTRL 
ATTN  DR  STEVEN  CALDWEIX 
MR  JAMES  OAKES 

1  TELEDYNE  PLACE 
LAVERGNE  TN  37086 

5  DIRLANL 

ATTN  MR  BEX  HOGAN 
MR  PAUL  DUNN 
MR  BILL  BAKER 
DR  GEORGE  T  GRAY  ffl 
MS  SHERRI  BINGERT 
ATAC  MS  F681 
PO  BOX  1663 
LOS  ALAMOS  NM  87545 

1  PHILIPS  ELMET 

ATTN  MR  JAMES  ANDERSON 
1560  LISBON  ROAD 
LEWISTON  ME  04240 

3  ULTRAMET  INC 

ATTN  MR  BRIAN  WILLIAMS 
DR  ROBERT  TUFFIAS 
MR  A  SHERMAN 
12173  MONTAGUE  STREET 
PACOIMA  CA  91331 


1  CERACON  INC 

ATTN  DR  RAMAS  RAMAN 
1101  N  MARKET  BOULEVARD 
SUITE  9 

SACRAMENTO  CA  95834 

3  SOUTHWESTS  RSRCH  INST 

ATTN  DR  JAMES  LANKFORD 
DR  HERVE  COUQUE 
DR  CHARLES  ANDERSON 
6220  CULEBRA  ROAD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 

2  METALWORKING  TECHNLGY  INC 
ATTN  MR  C  BUCK  SKENA 

MR  TIMOTHY  MCCABE 
1450  SCALP  AVENUE 
JOHNSTOWN  PA  15904 

1  RESEARCH  TRIANGLE  INST 

ATTN  DR  JOHN  B  POSTHILL 
PO  BOX  12194 

RESEARCH  TRIANGLE  PARK  NC 
27709-2154 

1  3C  SYSTEMS 

ATTN  MR  MURRAY  KORNHAUSER 
620  ARGLYE  ROAD 
WYNNEWOOD  PA  19096 

2  ALLIANT  TECHSYSTEMS 
ATTN  DR  STAN  NELSON 
MR  MARK  JONES 

7225  NORTHLAND  DRIVE 
BROOKLYN  PARK  MN  55428 

1  SPARTA  INC 

ATTN  JOHN  A  BRINKMAN 
CAMDEC  DIVISION 
2900A  SATURN  STREET 
BREA  CA  92621-6203 

1  DEFNS  TECHNLGY  INTRNTL  INC 

ATTN  MR  DOUGLAS  AYER 
THE  STARK  HOUSE 
22  CONCORD  STREET 
NASHUA  NH  03060 
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2  MATRL  &  ELECTOCHEML  RSRCH  CORP 
ATTN  DR  JAMES  WITHERS 
DR  SUMTT  GUHA 
7960  S  KOLB  ROAD 
TUCSON  AZ  85706 

4  MATERIALS  MODIFICATION  INC 
ATTN  DR  T  S  SUDARSHAN 
DR  CHARLIE  YU 
MS  RESHINA  KUMAR 
DR  MICHAEL  LANGUELL 
2929  PI  ESKRIDGE  ROAD 
FAIRFAX  VA  22031 

1  MICRO  MATERIALS  TECHNLGY 

ATTN  DR  RICHARD  CHENEY 
120D  RESEARCH  DRIVE 
MILFORD  CT  06460 

1  NUCLEAR  METALS 

ATTN  DR  WnXIAN  NACHTRAB 
2229  MAIN  STREET 
CONCORD  MA  01742 

1  OLIN  ORDNANCE 

ATTN  HUGH  MCELROY 
10101  9TH  STREET  N 
ST  PETERSBURG  FL  33716 

1  PA  STATE  UNIV 

ATTN  DR  RANDALL  M  GERMAN 
DEPT  OF  ENGRG  SQ  &  MECH 
227  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16802-1401 

7  WORCESTER  POLYTECHNIC  INST 
ATTN  DR  RONALD  BIEDERMAN 
DR  ISA  BAR  ON 
DR  RICHARD  SISSON 
DR  CHICKERY  KASOUF 
DR  DAVID  ZENGER 
DR  MARINA  PASCUCCI 
DR  R  NATHAN  KATZ 
100  INSTITUTE  ROAD 
WORCESTER  MA  01609 


4  FAILURE  ANALYSIS  ASSOC  INC 
ATTN  S  P  ANDREW 
R  D  CALIGURI 
T  K  PARNELL 
L  E  EISELSTEIN 
149  COMMONWEALTH  DRIVE 
PO  BOX  3015 
MENLO  PARK  CA  94025 

1  AMORPHOUS  TCHNLGY INTRNTL 

ATTN  MR  DICK  HARLOW 
LAGUNA  HILLS  CA  92653 

1  PARMATECH  CORPORATION 

ATTN  DR  ANIMESH  BOSE 
2221  PINE  VIEW  WAY 
PETALUMA  CA  94952 

1  STTGLICH  ASOCIATES 

ATTN  DR  JACK  STTGLICH 
PO  BOX  206 

SIERRA  MADRE  CA  91025 

1  NORTHWESTERN  UNIVERSITY 

ATTN  DR  W  EDWARD  OLMSTEAD 
DEPT  OF  ENGRG  SQ  &  ENGRG  MECH 
EVANSTON  IL  60208 

1  MICHIGAN  TECHNLGCL  UNIV 

ATTN  DR  S  GHATUPARTEn 
DEPT  OF  MECHL  ENGRG  &  ENGRG  MECH 
1400  TOWNSEND  DRIVE 
HOUGHTON  MI  49931-1295 

1  lAP  RESEARCH  INC 

ATTN  DR  BHANU  CHELLURI 
2763  CULVER  AVENUE 
DAYTON  OH  45429-3723 

1  VALENTIE 

ATTN  DR  D  G  BHAT 
1711  THUNDERBIRD  DRIVE 
TROY  MI  48084 

2  CALIFORNIA  INST  OF  TECHLGY 
ATTN  DR  G  RAVTCHANDRAN 
DR  WILLIAM  JOHNSON 
GRADUATE  AERONAUTICAL  LAB 
PASADENA  CA  91125 
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ORGANIZATION 

SANDVK  RHENIUM  ALLOYS 
ATTN  DR  BORIS  BRYSKIN 
1329  TAYLOR  STREET 
PO  BOX  245 
ELYRIA  OH  44038-0245 

UNIV  OF  CALFORNIA  DAVIS 
ATTN  DR  JOANNA  GROZA 
DR  SUBHASH  RISBUD 
Eun 

DAVIS  CA  95616 

FORGED  PERFORM  PRODUCTS  INC 
ATTN  MR  ED  HODGE 
MR  HUBERT  TAVENNER 
277  WAREHOUSE  ROAD 
OAK  RIDGE  TN  37830 

SUPERIOR  GRAPHITE 

ATTN  DR  WILLIAM  GOLBERGER 

MR  BRIAN  MERKLE 

120  sourra  riverside  plaza 
CHnCAGO  IL  60606 

GEORGIA  INST  OF  TECHNOLOGY 
ATTN  DR  NARESH  THADHANI 
DEPT  OF  MATERIALS  ENGRG 
ATLANTA  GA  30332 

ARPA 

ATTN  DR  B  WILCOX 
DR  R  CROWE 

3701  NORTH  FAIRFAX  DRIVE 
ARLINGTON  VA  22203-1714 

UNIV  OF  IDAHO 
ATTN  DR  F  H  FROES 
DR  SARTT  BHADURI 

INST  FOR  MATRL  &  ADVNCD  PROCESSES 
OFC  OF  THE  DIRECTOR 
MINES  BLDGROOM  204 
MOSCOW  ID  83844-3026 

RHENIUM  ALLOYS  INC 
ATTN  DR  BORIS  BRYSKIN 
1329  TAYLOR  STREET 
ELYRIA  OH  44036 

lELEDYNE  WAH  CHANG 
ATTN  MR  ROBERT  BARTOUCa 
PO  BOX  460 
ALBANY  OR  97321 


NO.  OF 

COPIES  ORGANIZATION 

1  TELEDYNE  ADVANCED  MATERIALS 
ATTN  MR  WILHELM  LOEFFLER 
139  PENTON  PLACE 
ALBANY  OR  97321 

1  ORYX  TECHNOLOGY  CORP 

ATTN  MR  JAMES  INTRADER 
47341  BAYSIDE  PARKWAY 
FREMONT  CA  94538 

3  SMITH  &  WESSON 

ATTN  MR  JAMES  GROCHMAL 
MR  JAMES  PELLETIER 
MR  DAVE)  SIMARD 
2100  ROOSEVELT  AVENUE 
SPRINGFIELD  MA  01102-2208 

1  NATL  INST  OF  STAND  &  TECHLGY 

ATTN  DR  SUBHAS  MALGHAN 
GAITHERSBURG  MD  02899 

6  THE  JOHNS  HOPKINS  UNIV 

ATTN  DR  K  T  RAMESH 
DR  WILLIAM  SHARPE  JR 
DR  JAMES  SPICER 
DR  KEVIN  HEMKER 
DR  GANG  BAO 
DR  JAMES  WAGNER 
WHITING  SCHOOL  OF  ENGRG 
3400  N  CHARLES  STREET 
BALTIMORE  MD  21218-2686 

3  MARTIN  MARIETTA  ENGRY  SYST 
ATTN  DR  VINOD  SKKA 
DR  EVAN  OHRINER 
DR  GAIL  MACKIEWICZ  LUDTKA 
OAK  RIDGE  NATIONAL  LAB 
OAK  RIDGE  TN  37831-6083 

1  GM  POWERTRAIN  DIVISION 

ATTN  DR  WILLIAM  F  JANDESKA 
MAIL  CODE  ROOM  2R39 
GENERAL  MOTORS  COPORATION 
895  JOSLYN  AVENUE 
PONTIAC  MI  48340-2920 

1  NICHE  MICROSTRUCTURAL 

ATTN  MR  JEFFREY  TROGOLO 
1223  PEOPLES  AVENUE 
TROY  NY  12180 
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ABERDEEN  PROVING  GROUND 


1  DIR,  USAMSAA 

ATTN:  AMXSY-MP 

49  DIR,  USARL 

ATTN:  AMSRL-WT 

AMSRL-WT-T,  L.  MAGNESS 
W.  A.  LEONARD 
W.  DE  ROSSET 
W.  MORRISON 
A.  DIETRICH 

AMSRL-OP-CI-D,  TECH  LIB  (2  CP) 
AMSRL-OP-PR 

AMSRL-MA-I,  R.  DOWDING  (20  CP) 
K.  CHO(20CP) 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Yotn  comments/answers 
to  the  items/questions  below  will  aid  us  in  our  efforts. 

1.  ARL  Report  Number/Author  ARL-TR-1186  fCho) _ Date  of  Report  August  1996 _ 

2.  Date  Report  Received _ ^ ^ _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project  or  other  area  of  interest  for  which  the  report 

win  be  used.) _ _ 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to 
organization,  technical  content,  format,  etc.)  _ _ 


Organization 

CURRENT  Name 

ADDRESS  _ _ 

Street  or  P.O.  Box  No. 

City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the 
Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
(DO  NOT  STAPLE) 


DEPARTMENT  OF  THE  ARMY 


OFROAL  BUSINESS 

I  BUSINESS  REPLY  MAIL 

I  FIRST  CLASS  PERMIT  NO  0001  ,APG,MD 


POSTAGE  WILL  BE  PAID  BY  ADDRESSEE 


DIRECTOR 

US  ARMY  RESEARCH  UBORATORY 
ATTN  AMSRL  MA  I 

ABERDEEN  PROVING  GROUND  MD  21005-5069 


